A myriad of medicinal effects has been attributed to Thymoquinone (TQ), the major biological-active component of Nigella sativa. TQ has been shown to exhibit potent anti-tumor activities. The present work was undertaken to further explore TQ's chemopreventive efficacy against 1, 2-dimethylhydrazine (DMH)-induced colon carcinogenesis in the rat model through a two-phase study (initiation and post-initiation) and to evaluate its potential impact on tumor progression and invasion in vivo. TQ treatment in the initiation phase significantly reduced tumor incidence, multiplicity and mean tumor volume. However, although mean tumor volume and multiplicity were decreased upon TQ treatment in the post-initiation phase, TQ did not reduce incidence significantly. Cellular proliferation, as assessed by expression of colonic PCNA, was shown to be inhibited in consequence to TQ treatment in both phases, with a more pronounced reduction in the initiation phase. In addition, our results demonstrated an appreciable negative impact of TQ on vascular endothelial growth factor (VEGF) production in tumor-bearing rats. Furthermore, we provided evidence that TQtreatment, in both phases, tended to considerably suppress tumor progression and invasion. Taken together, the present study demonstrated that TQ, at an orally daily dose of 10 mg/kg, has a chemopreventive effect in the initiation phase, and has the potential to attenuate tumor burden, suppress progression of pre-neoplastic lesions and to inhibit tumor growth in the post-initiation phase of DMH-induced colon carcinogenesis, We surmise that such effects of TQ may be due to suppression of cellular proliferation and inhibition of VEGF production. The results could provide an effective chemopreventive approach in the primary prevention of colon cancer in humans in the next future, and illuminate a promising horizon to combat progression of benign colonic pre-neoplastic lesions into malignant metastatic tumors and to manage colon cancer.
Introduction
Cancer is the second leading cause of death in western countries surpassed only by cardiovascular disease [1] .
According to the International Agency for Research on Cancer (IARC), it is estimated that by the year 2020 the global cancer burden will reach 16.8 million cases. These data suggest that cancer prevalence is on the rise and that it is rapidly becoming a global pandemic.
Colorectal cancer is the third most common malignant neoplasm worldwide [2] . In Syria, the incidence and mortality rates of colorectal cancer are increasing at an alarming rate in recent decade, being the second most prevalent type of cancer (second to lung & bronchus cancer in men, and breast cancer in women). It accounts for 12% of cancer incidence in males and females [3] .
Colorectal carcinogenesis is a complex multi-step process that includes changes in both histomorphological appearances of the colonic mucosa and at molecular level. It is believed that there are two pathogenetically distinct pathways for the development of colon cancer [4, 5] .
The first pathway is characterized by chromosomal instability resulting in stepwise accumulation of mutations in a series of oncogenes and tumor suppressor genes. The molecular evolution of colon cancer in this pathway can be seen through a series of morphologically identifiable stages: initial localized colonic epithelial hyperplasia, followed by formation of adenomas that progressively enlarge and ultimately develop into invasive cancers i.e. the adenoma-carcinoma sequence. The second pathway is characterized by genetic lesions in DNA mismatch repair genes (microsatellite instability). All the above mentioned series of genetic alterations destroy normal mechanisms controlling cellular growth, leading to abnormal cellular proliferation which is one of crucial mechanisms in carcinogenesis [6] .
Most colon carcinomas, besides their genetic familial background, develop as a result of multiple assaults by various exogenous/endogenous carcinogenic compounds. It is well established that colon cancer may be ameliorated when risk factors such as life-style and environmental factors are modified [7] .
Although complete removal of causative agents of cancer may not always be possible, chemoprevention of cancer using antimutagens and anticarcinogens present in foods [8, 9] or natural products (herbs and spices) has been suggested by various studies and much effort has been dedicated to a search for natural preventive agents, which would block or attenuate colorectal carcinogenesis process [10] [11] [12] .
Epidemiological and experimental studies unveiled therapeutic potential of many culinary herbs and demonstrated the importance of compounds derived from plants in reducing the risk of colon cancer [13] and inhibiting the development and the multiplicity of tumors in experimental animal models [14] . Nigella sativa L. is an annual herbaceous plant belonging to the Ranunculaceae family, commonly used traditionally in Middle Eastern folk medicine as a natural remedy for various ailments for over 2000 years [15] . It is also used as a food additive and flavor in many countries. Thymoquinone (TQ), which is 2-Isopropyl-5-methyl-1,4-benzoquinone, is the abundant Nigella sativa essential oil compound and known to be the active principle responsible for many of the seed's antioxidant and anti-inflammatory effects [16] .
TQ has been revealed to have promising anti-tumor effects. It inhibited the incidence and multiplicity of benzo (a) pyrene-induced fore-stomach tumors as well as 20-methylcholanthrene-induced fibrosarcoma tumors [17, 18] . The study of Badary [19] demonstrated that TQ attenuates ifosfamide-induced Fanconi syndrome in rats, enhances its anti-tumor activity in mice and increases the anti-tumor effects of ifosfamide. Furthermore, TQ was shown to reduce cisplatin-induced nephrotoxicity without disturbing its anti-tumor activity [20] .
In vitro studies reported the ability of TQ to inhibit the proliferation of colon cancer cells [21] [22] [23] , lymphoblastic leukemia cells [24] , laryngeal carcinoma cells [25, 26] , pancreatic cells [27] , and prostate cancer cells [26] [27] [28] and so on.
All of these promising results and encouraging findings make TQ an interesting compound that merits further evaluation.
The purpose of the following research is to appraise its chemopreventive effects (in vivo) in the rat model of DMH-induced colon cancer and to evaluate its roles in suppressing cellular proliferation, inhibiting tumor growth and in obstructing tumor progression and invasion in this animal model through a two-phase-study: an initiation phase and a post-initiation phase.
Materials and Methods

Materials
Animals and Chemicals
Five-week-old male albino wistar rats were purchased from LEEN Company for laboratory animals (DamascusSyria).
Upon arrival to the animal care facility (Faculty of Pharmacy-Damascus university), rats were housed four per polypropylene cage with a wire-mesh top and a hygienic bed of sawdust in a specific pathogen-free animal room under controlled conditions (at 24˚C ± 1˚C, 50% ± 10% relative humidity with an altering 12 h light/12 h dark cycle, and 20 air changes/hour) and had unrestricted access to a basal commercial rat pellet diet and tap water ad libitum.
All the procedures were performed in accordance with the standard guidelines for care and use of laboratory animals and the protocols followed were approved by the local University Ethics Committee for Animal Research.
1,2-Dimethylhydrazine dihydrochloride (DMH) was purchased from Acros Organics (Morris Plains, NJ, USA) and Thymoquinone (TQ) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Methods
Preparation of Carcinogen
1, 2-Dimethylhydrazine dihydrochloride (DMH) was dissolved in 1 mMol/L EDTA-normal saline; the pH was adjusted to 6.5 with 1 Mol/L NaOH to ensure the pH suitability and the stability of the chemical. The resultant solution of the carcinogen was used immediately after preparation.
A full-face respirator equipped with a combination filter cartridge (The Advantage ® 1000: MSA Co., USA) was used during the preparation of the carcinogen solution and when injecting animals.
DMH was injected subcutaneously (s.c.) at a dose of 40 mg/kg/body weight once a week for ten consecutive weeks on the dorsal back of the animal.
Experimental Design
After one week of acclimatization the eighty rats were randomly assigned into five groups.
Animals in Group I: (n = 16) served as negative controls. Rats in this group were also injected subcutaneously, at weekly intervals for 10 weeks, with 0.5 ml of 1 mMol/L EDTA-saline which was used as a vehicle for the (DMH) treatments (Normal control group).
Animals in Group II: (n = 16 + 8) served as carcinogen controls or positive controls. They were given subcutaneous injections of (DMH) once a week at a dose of 40 mg/kg body weight for 10 consecutive weeks (DMH group).
8 animals of this group were sacrificed at the end of the initiation phase (i.e. in the eleventh week) to identify the histological alterations in the colonic histoarchitecture at this stage of the carcinogenesis process.
Group III animals (n = 16) received the same DMH treatment as in group II and simultaneously gavaged thymoquinone at a daily dose of 10 mg/kg body weight for the whole 10 weeks period of the initiation phase (DMH + TQ initiation group).
Animals in Group IV (n = 16) were subjected to the same carcinogen protocol as in group II and subsequently gavaged thymoquinone at a daily dose of 10 mg/kg/body weight during the last 11 post-initiation weeks of the experimental period (DMH + TQ post-initiation group).
And Animals in Group V (n = 8) were intubated thymoquinone alone at a daily dose of (10 mg/kg body weight) for the whole period of the experiment (22 weeks) (TQ group). Table 1 summarizes the design of the experiment.
Record of Body Weights
A record of the body weights of normal control, DMH and TQ-treated animals was kept throughout the study. The animals were weighed at the beginning of the experiment, once a week during the experiment and finally before sacrifice.
Blood Samples
By the end of week 22, blood samples were collected by hurt puncture under ether anesthesia. Blood samples were allowed to clot for 2 hours at room temperature before centrifuging for 20 minutes at 1000 × g (according to the instructions of the ELISA kit). Serums were removed, aliquoted and stored at −80˚C until they were assayed. Serum levels of VEGF were determined using enzyme-linked immunosorbent assay (ELISA) kit (Quantikine ® Rat VEGF ELISA Kit, R&D systems Inc., Minneapolis, MN, USA).
Tissue Processing
After blood samples were withdrawn, Rats were sacrificed (by an excessive dose of anesthetic ether). They were then autopsied, and the colons were excised, opened along the longitudinal median axis, flushed with saline, and the inner surface was examined macroscopically. The number of tumors in each colon was counted. The length (L), width (W) and height (H) of tumor were measured using a vernier caliper with 0.1 mm graduations, and Tumor Volume (TV) was calculated (TV = L × W × H × π/6).
The chemopreventive tumor response was assessed on the basis of tumor incidence, multiplicity and tumor volume which were calculated as follows: Tumor incidence, percentage of animals having tumors; Tumor multiplicity, mean of tumors counted/animals. Mean tumor volume (mean volume of tumors in tumor-bearing rats.
After the gross pathologic changes (number, dimensions and distribution of tumors) were recorded, the colons were fixed flat between pieces of filter paper in 10 % phosphate-buffered formalin for 24 h.
Afterwards, tissue samples were processed for paraffin embedding, cut into 5-µm thick sections and stained with routine hematoxylin and eosin (H&E) for histological diagnosis of tumors. Other paraffin 5-µm thick sections were employed for immunohistochemical staining.
The liver, kidneys and other major organs (stomach, small intestine, spleen, lungs and lymph nodes) were also excised, fixed in 10% phosphate-buffered formalin and then prepared for histological analysis.
Colons of the eight rats from DMH group, sacrificed at the end of the 10th week, were prepared at the time and stained with (H&E) for histopathological observations at the light microscopic level. 
Experimental Groups Number of rats Protocol
Normal control (n = 16) (s.c) injections of mMol/L EDTA-saline (vehicle of DMH) for 10 consecutive wk.
DMH (n = 16 + 8)
Weekly (s.c) injections of (DMH) at a dose of (40 mg/kg) for 10 consecutive wk.
(Eight rats were sacrificed at the end of the 10th wk).
DMH + TQ initiation (n = 16)
Same DMH treatment + simultaneously TQ-treated (10 mg/kg/day) for 10 wk.
DMH + TQ post-initiation (n = 16)
Same DMH treatment, subsequently TQ-treated (10 mg/kg/day) from the 11th to the 22nd wk. 
TQ (n = 8)
Statistical Analysis
All Statistical analyses were performed using The (GraphPad Prism5) statistical software. The significance of differences in lesion (tumor) incidences between the groups was assessed by Fisher's exact test. Differences in mean body weight, Multiplicity, tumor volume, PCNA labeling index and VEGF serum levels in the different groups were compared by One-way Analysis of Variance (ANO-VA) followed by Tukey's Multiple Comparison Test. All tests were performed two-sided. Statistical significance, concerning differences in histological grades of colon tumors among the groups, was determined by KruskalWallis test followed by Dunn's Multiple Comparison test. Correlations were analyzed by performing Spearman correlation coefficient analysis for independent variables. The statistical significance was set at (P < 0.05).
Results
General Observation
All rats survived to the final termination and maintained a relatively healthy appearance throughout the experiment. No apparent signs of severe toxicity were observed in animals received TQ.
By the end of 22nd week, final average body weight of the rats in (DMH) group was significantly decreased compared with the normal control group (P < 0.05). Body weights of the rats in both (DMH + TQ initiation) group and (DMH + TQ post-initiation) group were decreased; however, the reductions were not statistically significant when compared to the normal control group. On the contrary, when compared with the DMH group, average body weight of both TQ-treated groups was higher (TQ treatment tended to improve body weight gain in the initiation and post-initiation phases).
Results of average body weights are shown in Table 2 .
Histopathological analysis of colons of rats (n = 8) from DMH group, sacrificed at the end of the 10th week (end of the initiation phase), revealed colonic hyperplasia at that point of the experiment, which was the starting point for the post-initiation phase. Table 3 summarizes the incidences of DMH-induced colon tumors in the DMH group and TQ-treated groups. Macroscopically, the distribution of colon tumors was 
Tumor Incidence
Tumor Multiplicity
In addition to tumor incidence, there were significant differences in tumor multiplicity, or number of tumors per rat, among the different groups. Data are shown in Table 3 .
Tumor Volume
Mean tumor volume was significantly different among the treatment groups. Table 3 explains these differences.
Tumors Grading
Animals with DMH-induced colon cancer characteristically developed multiple tumors and each tumor was at a different histological stage. Consequently, for the purpose of this experiment, animals were staged with reference to a single index tumor, defined as the largest macroscopically and histologically identifiable colon tumor.
Colon tumors were divided into adenoma and carcinoma. Grades of carcinoma were allocated according to modified Duke's pathological classification [29] .
Four cases of mucinous adenocarcinoma were observed in the positive control (DMH) group, and two cases in (DMH + TQ post-initiation) group. Although mucinous adenocarcinoma is considered a more aggressive subtype of adenocarcinoma associated with particularly poor prognosis, all mucinous adenocarcinoma cases in the present study were classified as carcinoma and graded according to modified Duke's staging.
Histopathological findings are summarized in Table 4 .
Serum Levels of Vascular Endothelial Growth Factor
Significant differences in serum concentrations of VEGF were detected among the various groups. Figure 1 clarifies these differences. Figure 2 shows the results of immunohistochemical analysis of PCNA-LI. After 22 weeks, the PCNA-LI in (DMH) group increased significantly over the normal control group. Oral administration of TQ (in both phases) diminished the PCNA-LI (P < 0.05).
Immunohistochemical Analysis of PCNA
Discussion
Extensive research over the past decade has shown that TQ exhibited inhibitory effects on cellular proliferation of many types of cancer cell lines, including breast adenocarcinoma, ovarian adenocarcinoma [30] , colorectal cancer [31] , human pancreatic adenocarcinoma, uterine sarcoma [32] , neoplastic keratinocytes [33] , human osteosarcoma [34] , fibrosarcoma, lung carcinoma [35] and hormone-refractory prostate cancer [35] and so on. Although TQ anticarcinogenic potential has been linked with an impressive amount of data primarily from human cell culture systems, emerging results of cancer prevention in laboratory animal models provide evidence that TQ has an anticancer activity not only in vitro but also in vivo [35] [36] [37] .
The present (in vivo) study, performed on the rat model of DMH-induced colon cancer, has demonstrated that administration of TQ at an orally daily dose of (10 mg/kg body weight) during the initiation phase exhibited a remarkable chemopreventive effect against colon carcinogenesis. We have demonstrated that TQ prevented tumorigenesis (incidence) to a considerable extent, attenuated tumor burden (multiplicity) and, concomitantly, inhibited tumor growth. Tumor incidence was markedly reduced by about 31%, while the mean number of tumors per rat (i.e. Multiplicity) decreased by nearly 64%. Thy- moquinone treatment in the initiation phase diminished tumor volume dramatically by 66%.
In a mouse model of DMH-induced colon cancer, Gali et al. [16] reported that TQ injected intraperitoneally (i.p.) significantly reduced the numbers and sizes of aberrant crypt foci (ACF) by 86% and reduced tumor multiplicity at week 20 from 17.8 in the DMH group to 4.2 in mice injected with TQ, implicating a reduction of 76.4%. It was also reported that, in a xenograft model of HCT116 colon cancer cells, TQ significantly delayed the growth of the tumor cells.
In addition, administration of TQ (10 mg/kg/i.p.) for 18 days has been shown to inhibit Lung (LNM35 cells) tumor growth by 39% in mice [38] .
Tingfang et al. [39] concluded that TQ effectively inhibited prostate tumor growth (in xenograft mouse model) at small tumor stage (50 mm 3 ) at the dose of 6 mg/kg/day for 15 days.
On the other hand, although the present study showed that post-initiation treatment with TQ significantly reduced multiplicity by about 33% and inhibited tumor growth by 42%, TQ treatment in the post-initiation phase did not reduced the incidence of colon tumors significantly.
The insignificant impact of TQ on tumor incidence in the post-initiation phase may be attributed to the fact that the initiation protocol of DMH was too strong in our study (40 mg/kg/week for ten consecutive weeks) which made TQ, at the employed dose level, unable to completely hinder the tumorigenesis process and to adequately suppress cellular proliferation (at this stage of histological changes) and to abolish or totally prevent tumor formation (tumor appearance), which led to more pronounced tumor incidence within animals in the postinitiation phase. In other words TQ possibly targets more effectively the earliest stages in colon carcinogenesis.
More appropriate TQ dosing in the post-initiation phase and the possible ability of TQ to inhibit enzymes responsible for DMH metabolism (i.e. reducing active metabolites of the carcinogen) in the initiation phase should be considered and further evaluated to elucidate the difference in TQ effects on tumor incidence between the initiation phase and the post-initiation phase.
In addition to the aforementioned significant reductions in mean tumor volume and multiplicity in animals received TQ in both phases (initiation and the post-initiation) of the tumorigenesis process, immunohistochemical staining revealed a concomitant significant decrease in the colonic PCNA-LI of the TQ-treated groups when compared with the carcinogen control (DMH) group. This decrease was more pronounced in the initiation phase than in the post-initiation phase.
It is well known that PCNA is an auxiliary protein of the DNA polymerase delta, reaching an expression peak during the S-phase of the cell cycle and playing an important role in cellular proliferation [40, 41] .
PCNA-LI has been used as an intermediate biomarker in chemoprevention of colorectal cancer [42] . It was observed [43] that vitamin A significantly decreased PCNA-LI in the AOM-induced colorectal cancer animal model. Another study gave similar result [44] .
Jia X.D. and Han C. [45] indicated that the chemopreCopyright © 2013 SciRes. PP Thymoquinone Suppresses Cellular Proliferation, Inhibits VEGF Production and Obstructs Tumor Progression and Invasion in the Rat Model of DMH-Induced Colon Carcinogenesis 13 ventive effect of both green tea and tea pigments against DMH-induced colorectal cancer in wistar rats was associated with a significant inhibition of colonic PCNA-LI. It was concluded that suppression of cellular proliferation may represent one of the mechanisms through which green tea and tea pigments exert their chemopreventive effects.
In addition, it is well established that increased PCNA-LI in colonic aberrant crypt foci (ACF), the known preneoplastic lesions, leads to higher risk for malignant progression [46, 47] .
Furthermore, tumors with higher growth fractions, as assessed by expression of PCNA, behave more aggressively than tumors with lower growth fractions [48] .
Accordingly, and in view of our experimental findings regarding PCNA immunohistochemical staining and the statistically significant decreases in colonic PCNA-LI in TQ-treated groups, our results implicated that TQ exhibited a chemopreventive effect against DMH-induced colon cancer in the initiation phase and that TQ had the potential to inhibit/slow colon tumorigenesis and to obstruct the growth and progression of hyperplastic foci into frank invasive tumors in the post-initiation phase in this rat model. These effects of TQ are mediated, at least in part, through its ability to suppress cellular proliferation.
In vitro studies demonstrated that TQ inhibits the proliferation of cancer cells and induces apoptotic cell death [21] [22] [23] [24] via p53-dependent [31] and p53-independent [23] & [34] pathways; another report showed that, in the p53 mutant leukemic Jurkat cells, TQ induces apoptotic cell death via a p73-dependent pathway [24] .
Whether TQ induces apoptosis in our animal model of DMH-induced colon cancer and the possible mechanisms underlying this apoptotic efficacy are being investigated in our laboratory and the primary results are encouraging.
The Duke's staging system for human colorectal cancer provides accurate prognostic information. In other words, cases with less advanced tumors (stage A) can survive significantly longer than those with more advanced tumors (stage B and C), irrespective of treatment. In the present study, the histopathological analysis of tumors and the histological grading of carcinoma (using modified Duke's classification) indicated that rats in TQtreated groups tended to develop considerably less progressive tumors and that the extent to which carcinomas invade through the histological layers of the colon was remarkably reduced.
In vitro studies provided evidence that TQ effectively inhibited human umbilical vein endothelial cell (HUVEC) migration and invasion [39] .
In addition, it was reported that TQ at non-toxic concentrations inhibited the invasive potential of lung (LNM35), breast (MDA-MB-231) cancer cells [38] . Our (in vivo) study demonstrated, for the first time in the rat model of DMH-induced colon cancer, that TQ treatment in both phases (initiation and post-initiation) effectively inhibited progression and invasion. Two animals of DMH group developed carcinomas classified as Duke's stage C2 implicating increased invasion (tumor penetrates through muscularis propria), lymph node involvement and poorer prognosis, while none of the animals of TQtreated groups had such an advanced stage, suggesting an improved prognosis and less progression.
It is worth mentioning that the differences encountered among the experimental groups concerning the incidence of mucinous adenocarcinoma must be taken into consideration when evaluating the protective effect of TQ against induced colon cancer in vivo.
The overall histological findings clearly indicate and expand the database that TQ might play promising anticancer role with respect to colon carcinogenesis. Moreover, the absence of tumor incidence in rats treated with TQ alone for a long period (22 wk) suggests TQ, at this dose level, causes no disruption of normal cellular homeostasis and hence is non-toxic.
The progression and growth of most solid tumors and their subsequent metastases depends critically on angiogenesis because, without the development of new blood vessels, tumors cannot grow beyond 2 -3 mm [49] .
In addition, neovascularization increases the possibility that tumor cells will enter the circulation and gives rise to metastases [50] .
The accumulated evidence has confirmed the importance of angiogenesis and validated the theory that inhibition of neovascularization is an attractive target and a promising anti-cancer strategy [51] [52] [53] [54] . Bevacizumab is the fruit of intensive efforts in this domain [54, 55] .
The process of angiogenesis is tightly controlled by both stimulatory and inhibitory factors [56, 57] . Vascular endothelial growth factor (VEGF) is the pre-eminent, most potent member of a large family of angiogenic cytokines that have been identified [56] . VEGF is believed to have a leading position in the hierarchy of mediators of both normal and tumoral angiogenesis [56] .
Indeed, many tumor cell lines secrete VEGF in vitro, and high VEGF mRNA levels can be detected by in situ hybridization in most human tumors, including gastrointestinal carcinoma [58] .
Both VEGF and its receptor are expressed at high levels in metastatic human colon carcinomas [59] and high preoperative VEGF concentrations were found to be associated with reduced overall survival [60] [61] [62] .
Several studies reported that serum VEGF is an independent prognostic factor [63] [64] [65] [66] . It has been shown [67] that increased preoperative circulating VEGF levels cor-relate with factors reflecting disease progression including tumor size, and nodal and distant metastases in colorectal cancer.
In our animal model of DMH-induced colon cancer, the results indicated that serum levels of VEGF in all animals that developed tumors were significantly elevated in comparison with the normal control animals.
It was remarkable that VEGF production is increased with advancing Duke's stages (which reflect disease progression) and that circulating VEGF levels were correlated with tumor volume.
Thus, we surmise that serum VEGF might be an easy to determine biomarker or indicator for tumor growth and for tumor progression which might be beneficial for monitoring tumoral status in animal studies concerning colon cancer therapy. However, further studies are warranted and more evaluation and validation need to be dedicated.
Our results also showed that serum levels of VEGF in the TQ-treated groups were significantly lower than those measured in the positive control group (DMH), suggesting that TQ had the potential to inhibit VEGF production and thereby can exert a negative impact on tumoral angiogenesis, Consequently, It could be that suppressive effect of TQ on VEGF production which contributes to the chemopreventive and tumor growth inhibitory effects (in vivo) in this animal model of colon carcinogenesis.
A previous study [39] reported that TQ prevented human prostate tumor growth in xenograft mouse models through inhibiting tumor-angiogenesis. The study showed that TQ inhibited angiogenesis by suppressing the activation of VEGF-induced ERK and AKT.
It is established that AKT signaling stimulates the production of hypoxia inducible factor α (HIFα) transcription factors, thereby mediates secretion of VEGF and other growth factors which are important pro-angiogenic factors [68, 69] . Thus, a resultant effect of suppressing the activation of AKT signaling is inhibited VEGF production, and consequently, inhibited angiogenesis or neovascularization.
Erdurmus M. et al. [70] reported that TQ showed inhibitory effects on corneal neovascularization in the rat model.
Conclusion
In conclusion, the present study demonstrated that TQ, the major biological-active component of the natural medicine Nigella sativa, at an orally daily dose of (10 mg/kg body weight) has a chemopreventive effect against DMH-induced colon carcinogenesis in the rat model during the initiation phase. This could provide an effective chemopreventive approach in the primary prevention of colon cancer in humans in the next future. Our study also provided evidence that TQ appreciably attenuated tumor burden and suppressed the progression of preneoplastic lesions and inhibited tumor growth and invasion in the post-initiation phase, which might make TQ a promising agent to combat the progression of benign polyps and other pre-neoplastic lesions into malignant metastatic tumors and to manage colon cancer. We content that TQ potential to suppress cellular proliferation and to inhibit VEGF production might be important means through which TQ inhibits chemically induced colon tumorigenesis.
